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⇔
Black Hole collision Binary inspiral process

“Black Hole Collider Physics”

Leverage advanced QFT methods for  
state-of-the-art gravitational wave predictions
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Gravitational wave physics

[Einstein 1915]

Rμν −
1
2

Rgμν + Λgμν =
8πG
c4

Tμν

One Equation - Extremely Rich Physics

- Expansion of the Universe

- Black Holes

- Gravitational Waves (GWs)

Prediction of Gravitational Waves 1918

spacetime matter
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Direct detection of  Gravitational Waves @ LIGO 2015

2015: direct detection of GWs from coalescence of two binary black holes 


            and m1 = 65M⊙ m2 = 22M⊙

Laser Interferometer Gravitational-Wave Observatory

Gravitational wave physics

Gravitational waveform determined by General Relativity
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A promising scientific program ahead:

Gravitational wave physics

- Study General Relativity in strong field regime

- Constraints on Neutron star equations of state 

- Precision tests of GR, modifications of gravity? New Physics?  …

2015 

LIGO

2020 

LIGO/VIRGO

2025 

+KAGRA,…

2030+ 

Cosmic Explorer,


Einstein Telescop, LISA,…
requires theory precision
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Theory of  gravitational waveforms:

weak field, slow motion — pert. theory!

(velocities become large close to merger)

dynamics described by classical 
Hamiltonian H

[Credit: Kip Thorne]

Gravitational wave physics
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[slide by Thibault Damour]

7

Gravitational wave physics
LIGO theorists: 
waveform modeling
[Buonanno; Damour; …]
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QFT methods for classical General Relativity

“Black hole collider physics”

⇔
Black Hole collision Binary inspiral process

New source of theory input
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Encouraged by general relativists:

[…] 

Scattering Amplitudes

 [Kovacs, Thorne 1978]
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Scattering Amplitudes

- exploit scale separation: Effective Field Theory

- export mature collider physics tools (loop computation)

- focus on physical, gauge-invariant quantities
- Boundary-to-Bound map between hyperbolic and bound motion [Porto, Kälin] 

[Goldberger, Rothstein] [Beneke, Smirnov] [Cheung, Rothstein, Solon]

[Kosower, Maybee, O’Connell] [EH, Parra-Martinez, Ruf, Zeng] 

[Laporta; Tkachov; Chetyrkin; Kotikov; Remiddi, 
Gehrmann; Henn, Anastasiou, Melnikov, …] 

What particle theorists bring to the table:

→ →
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Scattering Amplitudes

[Credit: Mikhail Solon]

Black Hole
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Combination of QFT tools led to new state-of-the-art results in GR

G1 (1 + v2 + v4 + v6 + v8 + v10 + ⋯)
G2 (1 + v2 + v4 + v6 + v8 + v10 + ⋯)
G3 (1 + v2 + v4 + v6 + v8 + v10 + ⋯)
G4 (1 + v2 + v4 + v6 + v8 + v10 + ⋯)
G5 (1 + v2 + v4 + v6 + v8 + v10 + ⋯)

1 PM
2 PM
3 PM
4 PM

 [Westpfahl 1985]

 [Bern, Cheung, Roiban, 
  Shen, Solon, Zeng 2019]

 [Bern et al. 2021] [Porto et al. 2021]

 [Kälin, Liu, Porto 2021]

5 PM ?

 [EH, Parra-Martinez, Zeng 2021]
 (conservative)  +(radiation)

 (conservative)

 [Vanhove et al. 2021]

(Post-Minkowskian [PM] expansion: Perturbation theory in Newton’s constant G only)

1-loop
2-loop

4-loop

Relativity built into QFT approach — all orders in velocity results

Scattering Amplitudes

3-loop
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Scattering Amplitudes

3-loop
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 [Antonelli, Buonanno, Steinhoff, van de Meent, Vines arXiv: 1901.07102]

bound
13

[Buonanno, Khalil, O’Connell, Roiban, Solon, Zeng; arXiv:2204.05194]Scattering Amplitudes

 [Khalil, Buonanno, Steinhoff, Vines, arXiv: 2204.05047]

unbound

m1 = m2

(in
 u

ni
ts
 o

f r
ed

. m
as

s)

m1 = m2
v = 0.4

benchmark quantities

https://arxiv.org/abs/1901.07102
https://arxiv.org/abs/2204.05194
https://arxiv.org/abs/2204.05047
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Current status / Outlook

[Credit: Mikhail Solon]

BH vs. Neutron Star
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Outlook

The future of particle physics at interface with GW science is bright!

2015 

LIGO

2020 

LIGO/VIRGO

2025 

+KAGRA,…

2030+ 

Cosmic Explorer


Einstein Telescop, LISA,…
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Outlook
[Buonanno, Khalil, O’Connell, Roiban, Solon, Zeng; arXiv: 2204.05194]

https://arxiv.org/abs/2204.05194
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Relevant Snowmass White Papers

[Adamo, Carrasco, Carrillo-Gonzalez, Chiodaroli, Elvang, et al.; arXiv: 2204.06547] Snowmass White Paper: the Double Copy and its Applications

[Buonanno, Khalil, O’Connell, Roiban, Solon, Zeng; arXiv: 2204.05194] Snowmass White Paper: Gravitational Waves and  
                                          Scattering Amplitudes

Snowmass White Paper: Effective field theories of gravity and  
                                          compact binary dynamics

[Goldberger; arXiv: 2206.14249]

https://arxiv.org/abs/2204.06547
https://arxiv.org/abs/2204.05194
https://arxiv.org/abs/2206.14249
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Thank you!


